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semiconductor (Ga,Mn)As
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Measurements of the low frequency electrical noise in the ferromagnetic semiconductor (Ga,Mn)As
reveal an enhanced integrated noise at low temperature. For moderate localization, we find a 1/f
normalized power spectrum density over the entire range of temperatures studied (4.2K < T < 70K).
However, for stronger localization and a high density of Mn interstitials, we observe Lorentzian noise
spectra accompanied by random telegraph noise. Magnetic field dependence and annealing studies
suggest that interstitial Mn defects couple with substitutional Mn atoms to form nanoscale magnetic
clusters characterized by a net moment of ∼ 20µB whose fluctuations modulate hole transport.
PACS numbers: 75.50.Pp,75.47.-m,72.70.+m
The canonical ferromagnetic semiconductor
Ga1−xMnxAs is an interesting material at the con-
fluence of several contemporary issues in condensed
matter physics, ranging from spintronics to localiza-
tion to correlated electron physics.[1] Point defects –
specifically Mn interstitials (MnI) and As antisites –
play an important role in the complex interplay between
ferromagnetism and electronic structure in this material.
Both these defects are donors that compensate the hole-
mediated ferromagnetic exchange and hence suppress
ferromagnetic order.[2] Theoretical calculations have
also predicted that MnI – in addition to compensating
holes – may quench ferromagnetism because of anti-
ferromagnetic coupling with neighboring substitutional
Mn atoms.[3] However, there is no explicit experimental
evidence for such a coupling or for any magnetic activity
of MnI. In this paper, we present electrical noise mea-
surements that suggest Mn interstitials are magnetically
active in nanoscale clusters, providing a fluctuating
moment that interacts with carrier transport.
Electrical noise provides a powerful probe into the
physics underlying the coupling between spin and charge
transport in complex magnetic materials such as the
manganites [4, 5, 6, 7] and spin glasses.[8] Our mea-
surements of electrical noise provide new glimpses into
the interplay between spin transport, hole localization
and Mn interstitials in the ferromagnetic semiconductor
Ga1−xMnxAs under conditions of modest localization.
We find that the resistance noise is characterized by a
power spectral density (PSD) with either 1/f frequency
dependence or a Lorentzian frequency dependence, de-
pending on the nature of the disorder in the sample. In
strong contrast with the manganites where a distinct en-
hancement of noise has been reported across the Curie
temperature (TC), we do not observe any measurable
change in the temperature-dependent noise characteris-
tics near TC. Instead, we find a pronounced enhancement
of the noise at low temperatures (T . 25 K), coinciding
with increasing localization. Samples with a high den-
sity of MnI defects show random telegraph noise (RTN)
created by a small number of two-level fluctuators with
an energy gap that is linear in magnetic field: we in-
terpret this as evidence for nanoscale magnetic clusters
whose spin flip fluctuations modulate transport in the
Mn impurity band[9] and result in two possible states
with different conductivity for hopping holes. In con-
trast to superficially similar observations in (Ga,Er)As
samples containing ErAs nanoclusters,[10] high resolu-
tion transmission electron microscopy measurements of
these Ga1−xMnxAs samples do not show any observable
precipitates (such as MnAs clusters). Further, the RTN
is quenched upon thermal annealing, which is known to
drive MnI to the sample surface.[1] These observations
suggest that MnI are actively involved in a fluctuating
moment that consists of only a few Mn atoms.
Ga1−xMnxAs epilayers are fabricated using low
temperature molecular beam epitaxy on (001) semi-
insulating, epiready GaAs substrates following the
growth of a 170 nm thick high temperature buffer of
GaAs epilayer. We selected three samples for noise mea-
surements, with the following (as grown) characteristics
determined using secondary ion mass spectrometry, room
temperature Hall effect (up to 14 T) and superconduct-
ing quantum interference device magnetometry: sample
A has a thickness of 30 nm, x ∼ 0.06, a room temperature
hole density p ∼ 5.6×1019cm−3 and TC= 55K; sample B
has a thickness of 30 nm, x ∼ 0.066,p ∼ 4.4 × 1019cm−3
at 300 K, and TC= 50K ; sample C has a thickness of 50
nm, x ∼ 0.08, p ∼ 1×1021cm−3 at 300 K and TC= 100K.
These data indicate that samples A and B have similar
net Mn concentration, but that the latter has a larger
MnI density. The higher level of disorder in sample B
results in significantly more localization at low temper-
atures: the resistivity of samples A and B at 4.2 K is
12 mΩ.cm and 60 mΩ.cm, respectively. We also mea-
sured a control sample consisting of 100 nm thick epi-
layer of p-GaAs (doped with Be) with p ∼ 1021cm−3
at 300 K. Samples are patterned using a wet mesa etch
into a 50 µm wide Hall-bar-like geometry along the [110]
crystalline direction, with a spacing of 200 µm between
2adjacent longitudinal voltage probes (contacted with In).
Resistance noise measurements are carried out using a
five-probe ac scheme,[11] with a lock-in amplifier (SR830)
providing the excitation current and demodulating the
fluctuation signal, with the output fed into a spectrum
analyzer (SR785). The resistances of the balancing resis-
tors are at least 10 x the sample resistance to minimize
their contribution to the overall noise. In typical ac noise
measurements, the excitation frequency is chosen to lie
in the eye of the noise figure of the preamplifier (100Hz-
1KHz). However, in Ga1−xMnxAs, we select an excita-
tion frequency f0 = 43Hz because of a strong frequency
dependence of resistance at high frequencies. The resis-
tance fluctuations modulate the carriers to produce noise
sidebands, which are demodulated by phase-sensitive de-
tection on the lock-in amplifier. Thus, the validity of ac
measurements is limited to f < f0/2, where f is the fre-
quency of the noise spectrum [11]. The output low-pass
filter of the lock-in is set to have a 3 ms time constant
with a rolloff of 24dB/Oct [12]. Under these conditions,
the intrinsic noise from the instrument shows a flat spec-
trum up to 12Hz, setting the upper limit of our spectra.
The PSD of the background noise from the instrument
is 2.7 × 10−16V2/Hz at room temperature. A quadratic
dependence of PSD on the applied bias voltage indicates
that the measured voltage fluctuations indeed stem from
the fluctuations of sample resistance [13]. The output
voltage from the lock-in is then set in the range 3V -
5V rms which gives a current of 5µA-10µA depending on
balancing resistors and sample resistance. The selected
current density (∼102 A/cm2) is high enough to distin-
guish the excess noise from background noise, but low
enough to avoid substantial heating.
Noise measurements in the higher conductivity con-
trol sample and the high TC sample (C) do not yield
significant noise, perhaps as a limitation of our current
measurement set up. Hence, we focus our discussion
on the lower conductivity samples A and B where the
noise signal is readily measured. Figure 1 (a) shows the
normalized PSD of the voltage fluctuations (SV /V
2) for
sample A at different temperatures, demonstrating 1/f -
resistance noise over a wide temperature range. We recall
that a single fluctuator with a relaxation time τ , yields a
Lorentzian PSD with the form S(f) ∝ 2τ/1 + (2πfτ)2.
An ensemble of fluctuators with a broad distribution of
relaxation times then produces a 1/f spectrum due to the
superposition of many Lorentzians.[13] The magnitude
of 1/f noise is characterized using the phenomenological
equation[14]:
SV (f)
V 2
=
γ
ncΩfα
, (1)
where γ is the Hooge parameter, V is the voltage across
the sample, nc is the carrier density and Ω is the sample
volume. Using nc ∼ 1 × 10
20/cm3, we obtain γ = 3 ×
10−2, comparable to typical values reported in metals
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FIG. 1: (color online). (a) Normalized PSD of sample A at
two temperatures showing 1/f dependence (dashed line). (b)
Temperature dependence of the integrated normalized PSD
(left) and ρxx (right) for sample A. Inset shows the ρxx(T )
over an expanded temperature range. (c) Normalized PSD of
sample B at different temperatures. Dashed line shows 1/f
and 1/f2 relations. Strong deviations of PSD from 1/f are
clear over range 6 K . T . 29 K. (d) Temperature depen-
dence of the integrated normalized PSD (left) and ρxx (right)
for sample B. Inset shows the ρxx(T ) over an expanded tem-
perature range.
(∼ 10−2-10−3) [15]. The exponent α varies from 0.96 to
1.18 over the temperature range 4.2K < T < 65K.
The temperature-dependence of the relative rms fluc-
tuation 〈δV 2/V 2〉 is obtained by integrating the normal-
ized noise SV /V
2 over the range 125 mHz – 11 Hz. This
is shown in fig.1 (b), along with the temperature depen-
dence of the longitudinal resistivity (ρxx). Our measure-
ments do not indicate any detectable correlation between
the noise amplitude and TC(where ρxx has a peak). This
contrasts with the manganites where the integrated noise
has a peak at TC, attributed to a percolative phase transi-
tion between the charge-ordered and FM phases.[7]. We
speculate that in Ga1−xMnxAs, contributions to resis-
tance fluctuations from possible mixed phases may be
overshadowed by the effect of disorder. At low temper-
atures where ρxx goes through a minimum, we observe
an increase in noise amplitude presumably from the in-
creased localization of holes.
We now address the noise characteristics of sample B,
which has a TC and net Mn concentration similar to that
of sample A, but has a higher MnI density. As in sample
A, there is no evidence for a correlation between noise
characteristics and TC, and there is a marked enhance-
ment of noise at low temperatures. In contrast with sam-
ple A, however, we find clear deviations from 1/f -noise
over the temperature range from 6 K to 29 K (Fig.1(c)).
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FIG. 2: (color online). (a) Time-dependent voltage fluctua-
tions in sample B, showing RTN. (b) fSV (f)/V
2 at different
temperatures in sample B. Solid lines are fits to Lorentzian
spectra with a superposition of a 1/f background (Eq. 2).
(c) Relative strengths of the Lorentzian term (A) and the 1/f
term (B) obtained by fits to Eq. 2. Inset shows the corner
frequency fc vs. T
Further, the enhancement of noise at low temperatures is
far more pronounced compared with sample A: as shown
in Fig. 1 (d), the relative rms fluctuation peaks at 10 K,
reaching a value that is almost two orders of magnitude
higher than that above 30 K. At the lowest temperature
measured (4.2 K), 1/f behavior is restored, accompanied
by a clear drop in the noise amplitude. We attribute the
deviation of PSD from 1/f to the dominance of a few
fluctuators, each of which has a different relaxation time.
The 1/f2 tail observed at higher frequencies in Fig.1(c)
is evidence of such Lorentzian spectra and is corrobo-
rated by time-domain measurements (Fig.2(a)) that show
RTN, with δV/V ∼ 0.01%.
We model the observed RTN as a simple two-level fluc-
tuator (TLF) in which the barrier heights to escape from
one state to another are E + δE and E − δE respec-
tively. The average time spent in each state is given by
τi = (2πf0,i)
−1exp(E± δE/kBT ). The overall relaxation
time of the whole system is 1/τc = 1/τ1 + 1/τ2. The
normalized PSD is then given by a Lorentzian term plus
a small 1/f background:
SV (f)
V 2
=
2πτcA
1 + (2πτc)2f2
+
B
f
=
fcA
f2c + f
2
+
B
f
, (2)
where A and B are the relative strengths of the 1/f and
1/f2 contributions, respectively, and fc = 1/(2πτc) is the
corner frequency of the Lorentzian. These parameters
can be extracted by fitting the frequency dependence of
fSV /V
2 [16] (Fig. 2 (b)).
Figure 2 (c) shows the temperature dependence of the
fitting parameters A, B and fc, demonstrating that the
temperature variation of the noise spectrum in Fig. 1
(d) is dominated by that of the Lorentzian contribu-
tion. The corner frequency fc shifts monotonically to-
ward higher frequencies with increasing temperature, in-
dicating phonon activated processes. Further determi-
nation of the thermal attempt frequency f0 and barrier
heights is found to be difficult due to the limited temper-
ature range and exponential dependence of f0 on 1/T .
To further explore the origin of the RTN, we mea-
sure the magnetic field-dependence of the noise spec-
tra with an in-plane magnetic field ~H ||[110] (Fig. 3(a)).
These measurements are compared with the switching
of the magnetization ( ~M), tracked using the giant pla-
nar Hall effect (GPHE).[17]) The biaxial anisotropy in
Ga1−xMnxAs results in easy axes close to the [100] and
[010] directions; at H = 0, ~M ||[1¯00], corresponding
to one of the four energy minima. The enhancement
and subsequent sudden quenching of noise at low field
(0 < H . 90Oe) signals the nucleation of small domains,
followed by their coalescence into a single macroscopic
domain with ~M ||[010]. The second switching event –
when ~M rotates from [010] to [100] – is also accompa-
nied by the enhancement and subsequent suppression of
noise, although the changes are less abrupt because the
magnetization reversal process is dominated by coher-
ent rotation rather than domain nucleation. At higher
fields (0.5T < H < 2T), ~M gradually rotates coherently
towards ~H , accompanied by a striking enhancement in
integrated noise and RTN, before the PSD reverts to
1/f -behavior at H > 3T. A fit to eq. 2 shows that the
Lorentzian contribution peaks at H = 1.2T. Further, in
time domain, the dwelling times of RTN for up and down
states change systematically with field (Fig. 3(b)), im-
plying field-dependent energy barriers. The field depen-
dence of the noise amplitude and energy barriers both
suggest a magnetic origin of the TLF, rather than do-
main fluctuations.
A possible origin for the RTN is spin-dependent scat-
tering from nanoscale magnetic clusters that fluctu-
ate between two possible orientations determined either
by an external magnetic field H or magnetocrystalline
anisotropy.[10] In this case, the barrier heights may
be written in terms of a field-independent and a field-
dependent contribution. The average time in each states
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FIG. 3: (color online). (a) Magnetic field-dependence of the
relative rms fluctuation (solid squares) at T = 9K. For com-
parison, we also plot the GPHE with red (blue) circles for
up (down) field sweeps. (b) Time traces of RTN at different
fields, also at T = 9K.
is: τi = (2πf0,i)
−1exp(E ± δE +Ei(H)/kBT ). The ratio
of dwelling time is then: τ1/τ2=exp(2δE+∆E(H)/kBT ),
where τ1 and τ2 is the average time spent in the ’spin up’
and ’spin down’ orientations, respectively. For a clus-
ter of magnetic moment m, we expect ∆E(H) = mH .
By measuring the mean dwelling time in each of the two
states (averaged over 10 minutes) at different magnetic
fields and plotting kBT ln τ1/τ2 as a function of mag-
netic field, we obtain a linear field dependence, from
which m ∼ 20µB is extracted. This suggests evidence for
nanoscale magnetic clusters with a few Mn atoms. Since
the RTN decreases significantly upon annealing (Fig.
4(b)), we infer that Mn interstitials must play a direct
role in these clusters and speculate that – as suggested by
theory [3] – Mn interstitials couple antiferromagnetically
with substitutional Mn atoms to form nanoscale clusters
with uncompensated spins. These clusters may coher-
ently influence the hopping conduction of holes occupying
the Mn impurity band, possibly achieving two states with
different conductivities. The onset of magnetic correla-
tion in such clusters at low temperature would explain
the pronounced enhancement of noise at T ∼ 10K. At
even lower temperatures (T . 10 K), the fluctuations of
these clusters are frozen out and carrier hopping conduc-
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FIG. 4: (color online). (a) Magnetic field dependence of en-
ergy difference ∆E between the two states of the TLF in sam-
ple B at T = 6K. (b) Comparison between RTN at T = 6K
in as-grown and annealed pieces of sample B.
tion is not affected. Equivalently, at higher temperatures,
spin flip fluctuations of these clusters are frozen out by
the application of an external magnetic field, quenching
the RTN as a result of the increased barrier heights.
In summary, electrical noise measurements shed new
light into the interplay between transport, localization
and magnetism in Ga1−xMnxAs. Surprisingly, we do not
observe any change in noise in the vicinity of the Curie
temperature, ruling out a percolative transition with co-
existing phases as in the manganites; instead, a striking
enhancement of noise is observed at low temperatures
with increasing carrier localization. In samples with a
large density of Mn interstitial defects, we find evidence
for TLFs whose behavior with magnetic field (and an-
nealing) suggest that these defects are incorporated into
magnetically-active nanoscale clusters.
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